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differential skeletal muscle gene expression in response to alterations in the inherent type of contractile activity. The lack of adaptation in muscle not recruited during running or resistance training supports the idea that differential gene expression is a consequence of the specific pattern of contractile activity.
The expression of a gene can be controlled at multiple sites. These sites are usually categorized as pretranslational (including transcription, mRNA processing, and mRNA stability), translational and post-translational (protein processing, transport, assembly and degradation). Both direct and indirect evidence suggest that an adaptive change of specific skeletal muscle proteins in response to an inherent change in contractile activity involves many of the sites in the control of gene expression. In retrospect, this emerging conclusion is not surprising if one considers the time course of changes that occur in specific protein concentrations of adult skeletal muscle during training by either running or resistance exercise. For instance, the rate of human muscle enlargement ranges from 0.09 to 0.23% per day during resistance training [6] . It would follow that this relatively slow growth rate in adult skeletal muscle would not require large changes in pretranslational control which occur, for example, during the differentiation of myoblasts in culture. This concept is supported by the findings that mRNA quantities increase many fold as myoblasts differentiate [7-91, whereas mRNA concentrations increase by only 25-50% in adult skeletal muscle which is undergoing the physical training of running or resistance exercise [ 10-121. These results suggest that subtle changes in multiple sites of gene regulation could co-ordinate the slow rate of change in protein composition in adult skeletal muscle during physical training.
Control of muscle gene expression during running and electrical stimulation
The steady-state density or concentration of mitochondria in skeletal muscle is directly related to the inherent duration of contractile activity. Mitochondria are localized predominately under the sarcolemma and near to myofibrils. Alterations in contractile activity affect subsarcolemmal mitochondria more than myofibrillar mitochondria [ 13, 141. When contractile activity in rodents was increased by either treadmill running or chronic electrical stimulation of a small muscle group, citrate synthase activity increased in the trained muscle as a function of training duration (Fig. 1) . 2). In phase two, a 600% increase in citrate synthase mFWA took place between days 6 and 10 of chronic stimulation (Fig. 2 ). This observation indicates that a pretranslational control for citrate synthase expression is upregulated after 1 week of electrical stimulation.
In addition, the percentage increase in citrate synthase mRNA ( Fig. 2 ) was twice the final percentage increase in citrate synthase activity during phase two (Fig. 1 ). This observation implies that (i) a smaller percentage of the total citrate synthase mRNA was being translated; (ii) that excess translated citrate synthase was being degraded before its assembly into the mitochondria; (iii) that mitochondrial turnover was increased; or (iv) that any combination of these mechanisms occurred. Thus, potential control mechanisms for citrate synthase expression can also be divided into two phases. During phase one, the first week of increased contractile activity, it appears that a translational upregulation of citrate synthase occurs. Continued contractile activity during phase two is associated with a pretranslational upregulation and possibly with a post-translational alteration. In addition to citrate synthase, the expression of other mitochondrial respiratory chain proteins are also influenced by altered muscle contractile activity. Cytochrome c mRNA concentration increased 44-56% in plantaris muscles of rats after 2 weeks of daily 100 min running bouts [ 101. A similar (43%) increase in cytochrome c content [15] after 2 weeks of daily 100 min running bouts, suggests control of gene expression at the pretranslational level of control. Investigations of increased contractile activity using the model of chronic electrical stimulation suggest a more complex control of gene expression. After 10 days of electrical stimulation (24 hlday), mRNA levels of the cytochrome oxidase VIC subunit were similar to control, while cytochrome oxidase activity increased 1 15% [ 181.
These findings support a translational control of gene expression for this mitochondrial protein during electrical stimulation. However, after 21 days of continuous electrical stimulation, mRNA for the ,%subunit of F,-ATPase was increased 165% [ 181. Since this percentage increase was not as large as those in mitochondrial volume fraction, V,,,, of mitochondrial marker enzymes, and mRNA transcribed from mitochondrial genes, Williams and colleagues [ 181 suggested that pretranslational regulation alone was insufficient to account for the changes in protein expression. Finally, the 600% increase in cytochrome b mRNA after 21 days of stimulation was similar to the percentage increase in mitochondrial volume density, suggesting a pretranslational control in the same animals. When compared with results for running exercise, these data suggest that the magnitude of increase in mitochondrial mRNA and protein, as well as the sites for control of gene expression, may differ in electrical stimulation.
Another mitochondrial protein which responds to altered contractile activity is the enzyme 5'-aminolevulinate synthase. This enzyme represents the rate-limiting step for haem production [19] . A single bout of running exercise [21] . Thus, an early response to running exercise is an elevation of 5'-aminolevulinate synthase activity.
There are presently no measurements of 5'-aminolevulinate synthase mRNA levels after running exercise. However, a recent investigation has examined the mechanism of enhanced 5'-aminolevulinate synthase activity with increased contractile activity. In this study, a fast-twitch muscle in the wing of a chicken was overloaded by attaching a weight to the wing. After 3 and 7 days of overload, muscle mass was increased 7% and 13%, respectively. S'-Aminolevulinate synthase activity increased 2.5-and 4.0-fold after 3 and 7 days of overload. In addition, S'-aminolevulinate synthase mRNA per unit of muscle weight increased by 1.6-and 2.0-fold after 3 and 7 days of the overload, respectively [22] . These observations suggest that in the overloaded fast-twitch muscle, induction of 5'-aminolevulinate synthase is controlled at both pretranslational and translational steps. Since no change in the activity of cytochrome oxidase was found in the same overloaded muscles, a role for post-translational control of mitochondria1 protein expression may also be hypothesized [22] . Thus, multiple sites of gene regulation may play a role in the increased expression of cytochrome proteins in continuously overloaded muscles.
Control of muscle gene expression during resistance training
Stretch of skeletal muscle is a potent mechanical stimulus to growth [23] . The most common models in animals apply stretch to the muscle for the majority, if not all, of the day. Examples of such models are denervation of the hemi-diaphragm [24] and placement of a weight on the wing of a chicken [25] . However, these models do not closely mimic the phasic, short-duration contractile activity employed in strength-training regimens undertaken by humans (e.g. 3-5 sets of 6-8 contractions per set, twice per week). This training regimen includes both eccentric and concentric contractions. During eccentric contractions the muscle is lengthened (and stretched) during its contractile cycle.
Recently, it was reported that as few as 48 eccentric contractions per week resulted in a 16% increase in the mass of the tibialis anterior muscle after 16 weeks of training [26] . Rats in this study underwent 24 two s contractions, twice per week. Thus, the total time spent in eccentric contraction was only 0.016% of the week. Conversely, during 99.984% of the available time each week the muscle did not receive the mechanical stimulus inducing the adaptation. It is extraordinary that a mechanical stimulus of such short duration is sufficient to initiate the biochemical signals which produce muscle hypertrophy. It is also remarkable that the synthesis rates of mixed ( + 32%) and myofibril ( + 45%) proteins of rat tibialis anterior muscle were increased 12-17 h after a single bout of 24 eccentric contractions [ 121.
The observations in the previous paragraph led to the hypothesis that an increase in the number of contractions from 24/day would further increase protein synthesis rates and possibly enhance any increase in skeletal a-actin mRNA. In the time period of 12-17 h after completing 192 eccentric contractions, synthesis rates of mixed and myofibrillar proteins were increased 41% and 56%, respectively [ 121. Thus, protein synthesis rates were only slightly increased by 192 as compared with 24 contractions. However, the increases in protein synthesis were maintained for a longer duration after 192, as compared with 24, eccentric contractions. Thirty-six to forty-one hours after eccentric exercise, no significant change in protein synthesis rates were noted after 24 contractions, while 192 contractions increased synthesis rates of mixed protein and of myofibrillar protein by 52% and 65%, respectively [ 121. Surprisingly, no increases in skeletal a-actin mRNA were found at either 17 or 41 h after a single bout of 192 eccentric contractions [12] . These observations may suggest that the acute increase in protein synthesis was largely due to an increase in the translation of existing mRNA. In contrast, parallel increases in actin protein synthesis and actin mRNA occur when myoblasts differentiate to myotubes in tissue culture [27] . Thus, pretranslational control determines the increase in actin protein synthesis rate as myoblasts differentiate to myotubes.
When 192 eccentric contractions were performed twice weekly for 10 weeks, 0.13% of the week was spent in exercise training. At the end of training, total protein in the tibialis anterior muscle had increased 14% (no external load) and 28%
(muscles antagonist to the tibialis anterior lifted a 500-700 g load) [12] . In contrast to the absence of altered skeletal a-actin mRNA after a single train-
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ing bout, skeletal a-actin mRNA per entire tibialis anterior muscle was increased 34-67% after 10 weeks of training. Thus, an upregulation of the pretranslational control of skeletal actin occurs at some point after the initial bout of eccentric exercise.
In the same animals receiving eccentric exercise of the tibialis anterior muscle, the gastrocnemius muscle underwent concentric contractions. From these studies of concentric training, a role for increased protein degradation in determining muscle mass can be inferred. Although the synthesis rates of mixed proteins and of myofibril proteins were increased 38-47% after a single bout of 192 concentric contractions, no hypertrophy of the gastrocnemius muscle was found after 10 weeks of training, which consisted of 192 concentric contractions twice a week [ 113. Assuming that the protein synthesis rate is increased after each exercise bout during the 10 weeks of training, an increase in protein degradation must be inferred to account for the lack of a change in muscle mass. Thus, alterations in multiple sites of control of gene regulation must occur to account for the skeletal muscle adaptations observed when 24 or 192 contractions are performed twice a week.
Control of gene expression during reduced muscle use and recovery
In addition to the effects of increased contractile activity, reduced muscle use may also alter cytochrome c gene expression. After 7 days of hindlimb immobilization when the red quadriceps is fixed at its resting length, cytochrome c protein synthesis rate is 81% of control, and cytochrome c mRNA and cytochrome c content are 60% of control [28] .
These results imply a pretranslational control of cytochrome c gene expression during immobilization atrophy. On the fourth day of recovery from the immobilization, cytochrome c protein synthesis rate is 192% of control, cytochrome c mRNA is 126% of control, and cytochrome c protein content is not significantly increased from its lower value on the final day of immobilization (Fig. 3) [28] .
In the early stages of recovery from 7 days of limb immobilization, the greater percentage increase of cytochrome c protein synthesis rate as compared with the percentage increase of cytochrome c mRNA suggests that both pretranslational and translational control are enhanced. Moreover, the fact that cytochrome c protein quantity (per muscle) is unchanged in early recovery when its synthesis is increased implies that cytochrome c protein degradation is also increased. The sum of these findings indicates that pretranslational, trans- 
Summary
The evidence presented here supports the concept that multiple, complex controls of gene regulation underlie the adaptive changes in protein quantity associated with alterations of the inherent amount of contractile activity in adult skeletal muscle. Investigations of increased contractile activity by running and resistance exercise, as well by recovery from the reduced contractile activity of limb immobilization suggest that control of the alterations of gene expression are initially (one day) at the level of translation. Likewise, experimental models which do not closely mimic human physical training (i.e. electrical stimulation and chronic overload) produce early alterations in the translational control of gene expression. More prolonged changes in contractile activity, brought about by either physical training or experimental models, produce altered gene expression via changes in pre-, post-and translational control.
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